The nuclear factor of activated T (NFAT) cell family of transcription factors is important in regulating the expression of a broad array of genes, including cytokines, T cell surface receptors, and other transcription factors. NFATc1 and NFATc2 are two principal NFAT members that are expressed in peripheral T cells. Levels of NFAT expression in T cells are partly transcriptionally regulated, but less is understood regarding their post-transcriptional control. We show here that NFATc1 and NFATc2 are rapidly degraded in apoptotic T cells. NFATc2 is highly sensitive to cleavage by caspase-3, whereas NFATc1 is only weakly sensitive to caspase-3 or caspase-8. Two potential caspase-3 cleavage sites were identified in the N-terminal transactivation domain. These sites were confirmed by in vitro caspase cleavage assays. Abolition of NFATc2 cleavage by mutation of these two cleavage sites resulted in augmented NFAT transcriptional activity. Furthermore, NFAT activity could be augmented in wild-type effector T cells by inhibition of caspase activity. Of particular interest was that non-apoptotic T cells from cellular FLIP long transgenic (c-FLIP L -Tg) mice that manifest elevated caspase activity have greatly reduced levels of NFATc2 protein and NFAT transcriptional activity. Our findings reveal a new post-transcriptional regulation of NFATc2 that operates, not only during apoptosis, but also in non-apoptotic effector T cells.
Apoptosis is a genetically programmed, morphologically distinct form of cell death that can be triggered by a variety of stimuli, including irradiation, cytokine withdrawal, hormones, and viruses. The common biochemical pathway of these processes is the initiation of downstream effector caspase, a family of cysteine-dependent aspartate-directed proteases (1, 2) . Numerous caspase targets have been identified that disrupt important cellular metabolic and structural components, contributing to the stereotypic morphological and biochemical changes that characterize apoptotic cell death (3) . More recently it has been appreciated that caspase activity is also necessary for certain types of cell development and proliferation (4) . In these situations, it is less clear what initiates the caspase cascade and what are the substrates of caspases in actively proliferating, non-apoptotic cells. This is particularly true in T lymphocytes, where caspase-8 and caspase-3 are activated following T cell activation (5, 6 -8) . Thus, identifying caspase substrates in T cells is central to defining their role in cell growth and death.
A potential candidate for the regulation of caspase activity during T cell activation is the death receptor inhibitor, c-FLIP L 2 (cellular FLICE inhibitory protein-long). c-FLIP L is a caspase-8 homolog that lacks enzymatic activity due to mutations in the C-terminal caspase domain (9) . However, c-FLIP L can heterodimerize with caspase-8 via its mutual death effector domains and caspase-like domain and activate caspase-8 by repositioning an activation loop of caspase-8 without any proteolytic processing (10) . Increased expression of c-FLIP L in T cells leads to augmented caspase activation (6, 11) . In this capacity, c-FLIP L may thus be a principal regulator of caspase-8 activity and other downstream caspases in effector T cells. This could result in cleavage of selective substrates that might be critical for proper effector T cell function, as in cytokine production.
The NFAT family of transcription factors has crucial roles in T cell development and function by regulating the transcription of a broad array of cytokines, T cell surface receptors, and other transcription factors (12) . The NFAT family consists of the five members NFATc1 through NFATc5. NFATc1 and NFATc2 are the principal NFAT members in mature T cells (13) . The phenotypes of NFAT-deficient mice confirm a strong influence of this transcriptional family on cytokine expression patterns. Thus, NFATc1-deficient mice exhibit diminished production of Th2 cytokines (14, 15) . By contrast, mice lacking NFATc2 manifest increased and prolonged IL-4 expression (16) , which is further augmented in NFATc2 Ϫ/Ϫ ϫ NFATc3 Ϫ/Ϫ mice (17, 18) . Mice deficient in both NFATc1 and NFATc2 in T cells manifest profoundly impaired production of many cytokines, including IL-2, -4, and -10, IFN-␥, GM-CSF (granulocyte macrophage-colony stimulating factor), as well as expression of CD40L and FasL (19) . NFATc2 has also been demonstrated to be involved in cell cycle control. NFATc2 inhibits CDK4 expression by directly binding and repressing its transcription through the recruitment of histone deacetylases (20). Consistent with that observation, T cells from NFATc2-deficient mice are hyperproliferative and manifest increased levels of several cyclins (21) .
Here we have shown that the N-terminal transactivation domain of NFATc2 contains two highly sensitive caspase-3 cleavage sites and is processed, not only in apoptotic T cells, but also in non-apoptotic T cells from c-FLIP L -Tg mice that have elevated caspase activity. This results in dramatically reduced levels of NFATc2 and NFAT activity in c-FLIP L -Tg T cells. Inhibition of caspase activity results in restoration of uncleaved NFATc2 in c-FLIP L -Tg T cells and enhances NFAT transcriptional activity. A noncleavable NFATc2 mutant also increases NFAT activity. The findings demonstrate a previously unknown * This work was supported by National Institutes of Health Grants AI36333 (to R. C. B.) and AI45666 (to R. C. B. and M. R.) and the Howard Hughes Medical Institute (to R. A. F.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 caspase-3 substrate and propose a new mechanism for the post-translational regulation of NFATc2 in effector T cells.
EXPERIMENTAL PROCEDURES

CD4
ϩ T Cell Purification and Culture-Spleen cells were hemolyzed and combined with lymph node cells followed by negative selection to enrich the population for CD4 ϩ cells. The cells were incubated with antibodies to CD8 (Tib105), major histocompatibility complex class II (3F12), NK1.1 (PK136), and CD11b (BD Biosciences) for 30 min. The samples were washed and then incubated with goat anti-rat/mouse IgGlabeled magnetic beads (Polysciences, Inc.) for 45 min followed by magnetic field separation to remove CD8 ϩ cells, B cells, NK cells, and macrophages. CD4 ϩ T cell purity was confirmed by flow cytometry and was typically Ͼ90%. The cells were activated with plate-bound anti-CD3 (10 g/ml, 145-2C11) and anti-CD28 ascites (1:500) plus recombinant human IL-2 (50 units/ml, Cetus) and cultured in complete medium (RPMI 1640 supplemented with 25 mM HEPES, 2.5 mg/ml glucose (Sigma), 10 g/ml folate (Invitrogen), 110 g/ml pyruvate (Invitrogen), 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol (Sigma), 292.3 g/ml glutamine (Invitrogen), 100 units/ml penicillin-streptomycin (Invitrogen), and 5% fetal bovine serum). On day 2 after stimulation, T cells were removed from anti-CD3-coated plates and propagated in IL-2-containing medium.
Induction of Apoptosis-Anti-CD3-and anti-CD28-stimulated day 4 effector CD4 ϩ T cells were resuspended in complete medium at 10 ϫ 10 6 /ml. Apoptosis was induced by incubating the cells with 200 ng/ml FLAG-tagged FasL (Apotech Corporation) and 4 g/ml of crosslinking anti-FLAG antibody (Sigma).
Caspase Activity Assay-Cellular caspase activity was determined by the Apo-ONE TM Caspase-3/7 assay kit (Promega Corp.) according to the manufacturer's instructions. Cells were resuspended in 100 l of medium and mixed with 100 l of caspase substrate. After incubation at room temperature, fluorescence was measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm.
Plasmid Constructs and Site-directed Mutagenesis-FLAG-tagged NFATc2 and FLAG-tagged NFATc1 were kindly provided by Dr. Sean Diehl and Dr. Melissa Brown, respectively. Asp-29 and Asp-66 of NFATc2 were mutated to Ala using the primers 5Ј-CCCAAGAC-GAGCTGGCCTTTTCCATCCTCTTC-3Ј and 5Ј-GGATGATGTC-CTGGCCTATGGCCTCAAGCC-3Ј and their complementary oligonucleotides that overlap the target sites. Mutants were made using the QuikChange II XL site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. The mutations were confirmed by sequencing.
In Vitro Caspase Cleavage Assay-Wild-type, D29A NFATc2, D66A NFATc2, or D29A/D66A NFATc2 plasmids were transcribed and translated using the TNT quick-coupled transcription/translation systems (Promega) in the presence of [ 35 S]methionine. 2.5 l of in vitro translation products were incubated in 50 l of assay buffer (20 mM PIPES, 100 mM NaCl, 10 mM dithiothreitol, 1 mM EDTA, 0.1% (w/v) CHAPS, 10% sucrose, pH 7.2) with caspase-3 or caspase-8 at 37°C. Reactions were separated on SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes were analyzed by autoradiography and immunoblotting.
Biotin-VAD-fmk Caspase Precipitation Assay-Whole cell lysates were made from cells that were preincubated with 10 M biotin-VADfmk (MP Biomedicals) at 37°C for 15 min. 600 g of whole cell lysate protein was first precleared with Sepharose 6B (Sigma) for 2 h to remove nonspecific binding, followed by overnight incubation with streptavidin-Sepharose beads (Zymed Laboratories Inc.. After being washed to remove unbound proteins, the streptavidin-Sepharose-bound complex was resuspended in sample loading buffer and boiled. Supernatants were analyzed by immunoblotting.
Immunoblot Analysis-Whole cell lysates were made as follows. Cells were washed once with phosphate-buffered saline and lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 1% Triton X-100, 2 mM dithiothreitol, 2 mM sodium vanadate, and protease inhibitor mixture (Complete TM , Roche Applied Science)) followed by centrifugation. The antibodies used were NFATc1 (Affinity Bioreagents, Inc.), NFATc2 (Affinity Bioreagents, Inc.), NFATc2 (Santa Cruz Biotechnology), P44/42 mitogen-activated protein kinase (ERK1/ERK2) (New England Biolabs), actin (Santa Cruz Biotechnology), and FLAG (Sigma). Proteins were detected with horseradish peroxidase-conjugated secondary antibodies and developed by chemiluminescence.
Gel Mobility Shift and Supershift Binding Assays for NFAT-Nuclear extracts were obtained as previously described (22) . Binding reactions were done using 2 g of nuclear protein in the presence of 10,000 counts/min of the specific 32 P-end-labeled double-stranded oligonucleotide 5Ј-GTAATAAAATTTTCCAATGTAAA-3Ј for 20 min at 4°C. For supershift analysis, 1 g of anti-NFATc1 antibody (Affinity Bioreagents, Inc.) or anti-NFATc2 antibody (Affinity Bioreagents, Inc.) was incubated with the binding reaction mix.
NFAT-Luciferase Reporter Mice and Luciferase Activity-NFAT-luciferase transgenic mice contain the firefly luciferase gene driven by a 200-bp fragment of the IL-2 minimal promoter (Ϫ326 to Ϫ294 and Ϫ72 to ϩ47) with NFAT-binding sites inserted in an XhoI site between these fragments (23) . Purified CD4 ϩ T cells were activated with anti-CD3 and anti-CD28. At 48 h following activation, the cells were harvested, washed with phosphate-buffered saline, and lysed. The lysates from 0.5 ϫ 10 6 cells were then analyzed using luciferin and measured in a luminometer for 10 s. Two measurements were made for each sample. Results are presented as the average of two measurements with background subtracted. For experiments with caspase inhibitor, T cells were first activated with anti-CD3 and anti-CD28 for 48 h and then cultured for an additional 24 h in the absence or presence of 50 M Z-VAD-fmk before being lysed and analyzed for luciferase activity.
Cell Culture, Transient Transfection, and Luciferase Assay-293T cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum. The cells were transfected with Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. 18 h after transfection, the cells were either unstimulated or stimulated with phorbol 12-myristate 13-acetate (10 ng/ml) plus ionomycin (500 ng/ml) for 6 h before being lysed for luciferase activity measurement.
RESULTS
Selective Degradation of NFATc1 and NFATc2 during Fas-induced
Apoptosis-During apoptosis, caspases are activated and cleave various vital proteins, including certain transcription factors that are critical to normal cell function (24) . Scanning the protein sequence of NFATc2, we identified two caspase-3 consensus cleavage sites ( 26 DELD 29 , 63 DVLD 66 ) in the N-terminal transactivation domain (Fig. 1A) . A DELD consensus site has been defined as a caspase cleavage site in several proteins, including acinus, D4-GDI, MstII, and FOXO3a, whereas DVLD is a caspase cleavage site in RAD51 (3, (25) (26) (27) (28) .
This prompted us to examine the fate of NFATc2 following Fasinduced apoptosis. Day 4 effector T cells were treated with Fas ligand (FasL) for different times, and whole cell lysates were analyzed by immunoblot for NFATc2 and NFATc1, the major NFAT family members that are expressed in mature T cells. For both NFATc2 and NFATc1, the latter of which includes three isoforms, NFATc1A, -B, and -C (29), most of the full-length protein disappeared within 3 h of FasL treatment (Fig. 1B) . The loss of full-length NFAT was prevented by the addition of the caspase inhibitor Z-VAD-fmk (Fig. 1C) . In addition, no cleavage fragments of NFATc2 or NFATc1 could be detected at these time points at the level of sensitivity of these assays. This suggests that either the molecules were rapidly degraded or the epitopes of the cleaved fragments were not detectable by the antibodies used. During apoptotic cell death, only a fraction of the cellular proteome is cleaved by caspases (30, 31) . To show that the caspase-dependent cleavage of NFAT was selective, immunoblot for an unrelated signaling molecule, ERK, revealed that it remained intact for at least 3 h of FasL treatment. The levels of the loading control actin were also unchanged during the treatment (Fig. 1B) . Measurement of caspase-3 activity by the DEVDrhodamine fluorogenic assay revealed the expected increase in caspase activity over the same time period after FasL treatment (Fig. 1D) .
NFATc1 Is Weakly Sensitive to Cleavage by Caspase-3 and Caspase-8-In addition to caspases, other proteases that contribute to the cleavage of various cellular proteins (32) are also activated during apoptosis. To investigate whether degradation of NFATc1 and NFATc2 during apoptosis was mediated by caspases, the potential cleavage of NFATc1 and NFATc2 was examined using an in vitro caspase cleavage assay. Caspase-8 and caspase-3 were chosen, because they represent, respectively, an upstream initiator caspase and a downstream executioner caspase that are both activated during FasL-induced apoptosis as well as during T cell receptor-mediated activation (8) . N-terminal FLAG-tagged NFATc1 or NFATc2 was transcribed and translated in vitro in the presence of [ 35 S]methionine and incubated with recombinant caspase-3 or caspase-8.
Reactions were separated on SDS-PAGE and analyzed by autoradiography and immunoblotting. In the presence of as much as 100 ng of caspase-3 or 200 ng of caspase-8, only a small proportion of NFATc1 was cleaved after 2 h, as revealed by both autoradiograph and immunoblot ( Fig. 2A) , indicating that NFATc1 was only weakly sensitive to caspase-3 and caspase-8 in vitro. Agreeing with this, there is no typical caspase cleavage site in the NFATc1 amino acid sequence. To confirm the activity of the caspases in vitro, c-FLIP L was used as a positive control substrate, because c-FLIP L is a known substrate of both caspase-3 and caspase-8 (9) . In contrast to NFATc1, most of c-FLIP L was rapidly cleaved within 30 min by 50 ng of caspase-3 or caspase-8 (Fig. 2B ).
NFATc2 Is a Substrate of Caspase-3 but Not of Caspase-8-
The in vitro cleavage assay showed that NFATc2 was totally resistant to caspase-8. In the presence of as much as 200 ng of caspase-8, no cleavage of NFATc2 was detected after 2 h of incubation (Fig. 3A) . By contrast, the autoradiograph revealed that NFATc2 was highly sensitive to cleavage by caspase-3 ( Fig. 3B) . At a caspase-3 dose as low as 6.3 ng, virtually all of full-length NFATc2 was cleaved to a slightly lower molecular weight. Only at higher doses of caspase-3 was this initial cleavage product further processed to at least three fragments. A similar rapid loss of detectable full-length NFATc2 was apparent using an anti-FLAG antibody that reacts to the N-terminal FLAG tag of NFATc2 (Fig. 3B, second  panel) . No new cleavage fragments were detected by the anti-FLAG immunoblot, suggesting that there might be a caspase-3 cleavage site close to the N terminus. In addition, the cleavage of NFATc2 was reversed in the presence of caspase inhibitor Z-VAD-fmk, confirming that cleavage was due to caspase activity and not other proteolytic activity.
To further define the sites of NFATc2 cleavage by caspase-3, we examined the cleavage products with two monoclonal anti-NFATc2 antibodies that react to different epitopes. The first antibody reacts to amino acids 51-69 of NFATc2 (Fig. 1A) . This antibody revealed the same pattern of loss of full-length NFATc2 as did the anti-FLAG immunoblot, with no appearance of a cleaved NFATc2 fragment (Fig. 3A) . The second anti-NFATc2 antibody reacts to amino acids 433-567. This antibody revealed an immunoblot pattern similar to the autoradiograph, in that an NFATc2 fragment appeared that was only slightly lower in size than full-length NFATc2 (Fig. 3B) . The cleaved NFATc2 fragment was detectable with anti-NFATc2-(433-567) at low dose caspase-3 and was still detectable at higher doses. In addition, this antiNFATc2 antibody also detected further cleavage fragments at higher doses of caspase-3, nearly identical to the pattern seen in the autoradiograph.
Caspase-3 Cleaves NFATc2 at the Consensus Sites 26 DELD 29 and 63 DVLD 66 -Collectively, the above studies suggested that NFATc2 possesses a highly sensitive caspase-3 cleavage site(s) very near the N terminus, with possible additional less-sensitive sites in other parts of the molecule. To determine whether caspase-3 could cleave either of the two candidate sites in the N terminus of NFATc2, alanine substitutions were introduced at Asp-29 (D29A NFATc2) and Asp-66 (D66A NFATc2) or at both sites (D29A/D66A NFATc2). These were in vitro translated and subjected to caspase-3 cleavage. Based on both the auto-FIGURE 3. NFATc2 is cleaved by caspase-3 but is not a substrate of caspase-8. 35 S-labeled NFATc2 was incubated with buffer control or the indicated amount of caspase-8 (A) or caspase-3 (B) for 2 h. Z-VAD-fmk (400 M) or Me 2 SO (DMSO) vehicle control was included in some samples. The reaction products were analyzed by 4 -15% gradient SDS-PAGE gel followed by autoradiography and immunoblot. Immunoblot was performed using two different anti-NFATc2 antibodies, one that reacts to NFATc2-(51-69) and the other reacts to -(433-567). radiograph and the immunoblot, the cleavage of NFATc2 by 50 ng of caspase-3 was completely prevented in the double mutant D29A/D66A NFATc2 (Fig. 4B) . A closer inspection of the cleavage products of the single mutant NFATc2 molecules suggested that 26 DELD 29 was somewhat more sensitive to caspase-3 than 63 DVLD 66 , because full-length D29A NFATc2 was slightly protected from cleavage by 50 ng of caspase-3 (Fig. 4B, lane 4) , whereas full-length NFATc2D66A was still efficiently cleaved at the 26 DELD 29 site (Fig. 4B, lane 6) . It is interesting that the single mutation of D66A totally abolished the recognition of NFATc2 by the anti-NFATc2-(51-69) antibody (Fig. 4B, lanes 5-8) . This is consistent with the known specificity of this monoclonal antibody to amino acids 51-69 of NFATc2. It also likely explains why this antibody could not detect any cleavage fragments after wild-type NFATc2 was cleaved by caspase-3 (see Fig. 3B ).
Higher Caspase-3 Activity and Decreased NFATc2 Expression in c-FLIP L -Tg CD4
ϩ T Cells-According to the in vitro cleavage assay, NFATc2 is extremely sensitive to caspase-3 and is rapidly cleaved following Fas ligation. However, caspase activation also has recently been demonstrated in viable effector T cells (8) . We thus considered that NFATc2 might be subject to caspase cleavage in non-apoptotic situations when caspase activity is mildly elevated in T cells. The level of caspase activity in effector T cells is likely regulated to a large extent by the initial heterodimerization of caspase-8 with c-FLIP L . c-FLIP L contains a loop in its C terminus that binds and activates the enzymatic pocket of caspase-8
(10). This leads to activation of downstream caspases in effector T cells, including caspase-3 (8).
We thus wanted to investigate NFATc2 expression and NFAT activity in cycling effector T cells bearing normal levels of caspase activity versus elevated levels. The latter occurs in c-FLIP L -Transgenic (c-FLIP L -Tg) mice, in which increased expression of c-FLIP L in T cells provokes augmented caspase activity and proliferation (6, 11) . Caspase activity was initially determined by the DEVD-rhodamine assay and showed that both freshly isolated and day 4 effector c-FLIP L -Tg CD4 ϩ T cells possessed more caspase activity than equivalent T cell populations from normal littermate controls (Fig. 5A ). Because this assay reflects, not only caspase-3 activity, but also other caspases, we precipitated selectively the active caspase fraction from effector T cells by first incubating them with biotin-VAD and then subjecting cell lysates to precipitation with streptavidin-Sepharose. As anticipated, more c-FLIP L was present in the biotin-VAD precipitate from c-FLIP L -Tg CD4 ϩ T cells, consistent with the model that c-FLIP L heterodimerizes with and activates caspase-8. Importantly, more cleaved active caspase-3 was revealed in the c-FLIP L -Tg CD4 ϩ T cells (Fig. 5B) .
Having established that c-FLIP L -Tg CD4 ϩ T cells have more caspase activity, especially more active caspase-3, than wild-type CD4 ϩ T cells, we examined the level of NFATc2 expression and NFAT activity in CD4 ϩ T cells of both groups. Immunoblot of whole cell lysates for NFATc1 showed little difference in expression of the three NFATc1 isoforms A, B, and C (Fig. 6A, upper panel) . By contrast, levels of NFATc2 protein were profoundly reduced in c-FLIP L -Tg CD4 ϩ T cells (Fig. 6A, second and third panels) . This was apparent both in naïve resting T cells as well as in days 1 and 2 effector T cells. However, mRNA levels of NFATc2 were not significantly different between wild-type and c-FLIP L -Tg CD4 ϩ T cells (Fig. 6B ).
NFAT DNA binding was also examined by electrophoretic mobility shift assay. This revealed that nuclear extracts from c-FLIP L -Tg CD4 ϩ T cells had less NFAT binding activity than non-transgenic littermate controls at days 1 and 2 following activation (Fig. 6C) . Supershift anal- results, lower NFAT transcriptional activity was found in CD4 ϩ T cells from c-FLIP L -Tg mice (Fig. 6E) . Collectively, the findings are consistent with the view that the augmented caspase-3 activity in the resting and effector c-FLIP L -Tg CD4 ϩ T cells promotes the cleavage of NFATc2.
Inhibition of NFATc2
Cleavage Conserves Its Transcriptional Activity-Because the two caspase-3 cleavage sites are located in the N-terminal transactivation domain of NFATc2, we further examined whether the cleavage of NFATc2 at these two sites would affect its transcriptional activity using a luciferase reporter assay. Wildtype NFATc2 or D29A/D66A NFATc2, together with an NFATluciferase reporter plasmid, were transfected into 293T cells, and 24 h later, the cells were stimulated with phorbol 12-myristate 13-acetate and ionomycin for 6 h. Interestingly, D29A/D66A NFATc2 showed 2-fold higher transcriptional activity than wild-type NFATc2 (Fig. 7A) . The DEVD-rhodamine caspase assay revealed caspase activity in cycling 293T cells (data not shown). It is possible that the active caspase in cycling 293T cells cleaves the wild-type NFATc2 and diminishes its transcriptional activity.
The possible contribution of caspase activity to the regulation of NFAT transcriptional activity in T cells was examined using NFATluciferase reporter mice (23) . Day 2 effector T cells from NFAT-luciferase-transgenic mice were incubated with Z-VAD-fmk or its vehicle control for 24 h, lysed, and luciferase activity measured. This time interval was chosen, because caspase-3 activation is not detectable in stimulated T cells until day 2, and earlier addition of Z-VAD-fmk would also block early caspase-8 activation, which is required for T cell activation (5, 8) . The inhibition of caspase activity greatly enhanced the NFAT transcriptional activity (Fig. 7B) 
DISCUSSION
The current findings demonstrate by an in vitro caspase cleavage assay that NFATc1 is less sensitive than NFATc2 to caspase-3-mediated cleavage and that both NFAT members are rather insensitive to caspase-8-induced degradation. These differences in NFAT sensitivity to in vitro caspase cleavage were closely paralleled by the degree of NFAT degradation observed in vivo in wild-type T cells with low caspase activity, c-FLIP L -Tg T cells bearing intermediate caspase activity, and Fas ligand-treated T cells manifesting high caspase activity. Thus, compared with naïve wild-type T cells, c-FLIP L -Tg T cells had considerably less NFATc2 protein but comparable NFATc1, whereas FasL treatment of T cell blasts caused a rapid loss of both NFAT members. Site-directed mutagenesis confirmed the two caspase-3 cleavage sites in the N-terminal transactivation domain of NFATc2. The levels of caspase activity generated during resting, effector, and apoptotic stages of T cells are likely to strongly influence the amount of NFAT activity.
c-FLIP L is an enzymatically inactive homolog of caspase-8 that blocks apoptosis by death receptors (9) . Besides its anti-apoptotic activity, c-FLIP L can also activate procaspase-8 by heterodimerization (10) . The DEVD-rhodamine assay and biotin-VAD precipitation assay demonstrated that both resting and effector c-FLIP L -Tg CD4 ϩ T cells have more caspase activity, especially caspase-3, than equivalent populations of wild-type T cells. This is a likely cause of the loss of NFATc2 in c-FLIP L -Tg CD4 ϩ T cells.
The selective decrease of NFATc2 in T cells from c-FLIP L -Tg mice may also be relevant to the cytokine bias of these mice. We have previ-FIGURE 7. Inhibition of NFATc2 cleavage conserves its transcriptional activity. A, 293T cells were cotransfected with the NFAT-luciferase plasmid, in the presence of control vector or expression plasmids encoding the wild-type NFATc2, D29A/D66A mutant NFATc2 (DM). Cells were stimulated with or without ionomycin plus phorbol 12-myristate 13-acetate (PϩI) and lysed for luciferase activity measurement. Results are representative of three similar experiments. B, NFAT-luciferase-transgenic T cells were first stimulated for 2 days with anti-CD3 and anti-CD28 followed by treatment with 50 M Z-VAD-fmk or Me 2 SO vehicle control for 1 day. Cells were then lysed and measured for luciferase activity. ALU, arbitrary light units. C, T cells from c-FLIP L -Tg mice (FLIP), their non-transgenic littermate controls (NLC), and caspase-3 deficient mice were treated as described for B, and NFATc2 proteins levels were examined with immunoblot using both antiNFATc2-(51-69) and anti-NATc2-(433-567). White arrowheads indicate full-length NFATc2; gray arrowheads indicate the C-terminal cleavage fragment after cleavage site 26 DELD 29 .
ously reported that activated CD4 ϩ T cells from c-FLIP L -Tg mice produce increased amounts of Th2 cytokines (IL-4, -5, -10, and -13) and decreased amounts of Th1 cytokines (IFN-␥). This correlated with an enhanced sensitivity to allergic airway hypersensitivity (33) . These cytokine patterns are closely paralleled by observations in NFAT-deficient mice. NFATc1-deficient mice manifest decreased production of IL-4 (14, 15 3 Taken together with our observations, this suggests that death receptor-dependent and -independent activation of caspases may affect the expression of specific NFAT family members, the ratio of which may profoundly influence CD4 ϩ T cell cytokine patterns.
The in vitro caspase cleavage assay showed that NFATc2 is highly sensitive to caspase-3, whereas NFATc1 is only weakly sensitive to caspase-3 and -8. Subsequently, two caspase-3 cleavage sites were identified in N-terminal transactivation domain NFATc2. We further immunoblotted the apoptotic cell whole lysates with the anti-NFATc2-(433-567) antibody and did not detect the C-terminal cleavage product that was revealed by the in vitro caspase-3 cleavage assay. This suggests that this C-terminal fragment might be very unstable and degraded rapidly by other proteases after initial caspase processing during apoptosis. However, the C-terminal cleavage product after 26 DEVD 29 was observed in non-dying, cycling effector T cells that have only moderate caspase-3 activity. In agreement with this possibility, both the transfection with caspase-3-resistant D29A/D66A NFATc2 mutant, as well as primary cells cultured with the caspase inhibitor Z-VAD-fmk, showed that prevention of NFATc2 cleavage promoted enhanced NFATc2 transcriptional activity.
It is well established that caspase activity is required for T cell activation (35) . The first evidence for this came from murine T cells either deficient in FADD (Fas-associating death domain) or expressing a dominant negative form of FADD, which were found to be hypoproliferative in response to activation via the T cell antigen receptor (36, 37) . Direct inhibition of caspase activity also blocked CD3-induced proliferation and IL-2 production by human T cells (5) . In addition, loss-of-function caspase-8 mutations in humans was linked to defects in the activation of T, B, and NK cells, resulting in an immunodeficiency syndrome (38) . This was corroborated in mice in which targeted caspase-8 disruption in T cells caused defects in the T cell receptor-induced expansion of peripheral T cells (39) . We observed in this study that non-dying cycling T cells manifest both active caspase-8 and caspase-3. Presumably this level of caspase-3 activity is sufficient to cleave NFATc2, as evidenced by the lack of NFATc2 cleavage in caspase-3 Ϫ/Ϫ T cells. Thus, although
NFATc2 expression is increased in activated T cells, active caspase-3 may restrict the level of increased NFATc2 and hence serve to regulate overall NFAT activity. At present it is unknown which molecule(s) is targeted by caspases and how it contributes to T cell activation. Recent studies have shown that NFATc2 represses the expression of CDK4, which is an important G 0 /G 1 restriction point kinase that allows cells to exit the resting state and enter the cell cycle (20). Correspondingly, NFATc2-deficient lymphocytes are hyperproliferative after antigen stimulation and manifest increased levels of several cyclins (21) . Interestingly, increased T cell proliferation in vivo was also observed with c-FLIP L -Tg mice (11) . Conceivably, caspase-mediated cleavage of NFATc2 may be partly responsible for the increased cell cycling of c-FLIP L -Tg T cells (11) . A similar process may regulate NFATc2 levels and cell cycling in wild-type T cells.
